Abstract Based on the fundamental ideas concerning microwave attenuation in plasma, we obtain a new expression of transmission attenuation of microwaves as a function of the incident wave frequency. And with reasonable hypothesis, analytical forms of the electron density and the electron-neutral collision frequency are derived from the equations of the transmission attenuation of microwaves at two near frequencies. This method gives an effective and easy approach to diagnose the unmagnetized plasma.
Introduction
Plasma diagnosis by using transmission attenuation of microwaves at double frequencies (TAMDF) is a useful method [1∼3] which can simultaneously give both the electron density and the electron-neutral collision frequency. However, the solution usually can not be given analytically due to the high ordered unknown factors in the equations. So, one has to resort to numerical calculation, which, in this case, will give as many as eight groups of solutions. It is usually difficult to decide which solution is the right one. Moreover, this method sometimes does not produce real values. These disadvantages have greatly limited the application of TAMDF.
Based on the fundamental ideas concerning microwave attenuation in plasma, we change the function of transmission attenuation of microwaves into another form, by which it is easy to execute the calculation in the next step. With reasonable hypothesis, analytical forms of the electron density and the electron-neutral collision frequency can be derived from the new equations at two near-frequency points. By using this method, we can diagnose the unmagnetized plasma quickly and correctly.
The fundamental ideas of TAMDF
As we know, when a microwave with a propagation dependence e i(kr−wt) propagates in a unmagnetized plasma, the propagation constant is k = ω c n, where n is the complex refractive index which can be given by Appleton's equation [4] 
In Eq. (1), ε r is the relative permittivity of the plasma,
meε0 is the plasma angular frequency, ω is the incident microwave frequency in radians, and ν is the momentum-transfer collision frequency. Note that condition ω/ν >> 2π should be satisfied while using Eq. (1) since it is derived from Langivan's equation by assuming that the electrons move nearly harmonically in accordance with the incident electromagnetic field in the plasma with few collisions.
In Eq. (1), n is usually a complex and can be written as n = n r + i · n i , where i is the square root of −1, n r and n i are the real and the imaginary part of n i [5, 6] , respectively. n i can be expressed as
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For simplicity, the propagation constant k in the plasma can be written as
where α is related to the real refractive index n r by α = ω c n r , and β is related to the attenuation index n i by β = − ω c n i . As a plane electromagnetic wave propagates through a plasma with thickness D, the electric field amplitude will be attenuated. The attenuation in dB is
For homogeneous plasma, the attenuation becomes
where c = 3.0×10 8 m/s is the velocity of light. Thus, by measuring the attenuation at two different frequencies ω 1 and ω 2 , one can get
where n i1 and n i2 are in the form of Eq. (2) with the frequency being ω 1 and ω 2 , respectively. Hence, the electron density and the collision frequency can be obtained by solving the above equations. As mentioned above, because Eq. (2) is too complex in form, Eq. (5) could not be solved analytically. Here we will propose an approach to simplify Eq. (2) so as to get the electron density and the collision frequency without complicated calculation.
Analytical approaches
Eq. (2) can be rewritten as
And the solution of this quadratic equation is
which is the new expression about the transmission attenuation of microwaves at single frequency. Then for any two incident angular frequencies ω 1 and ω 2 , one has
In steady-state and homogeneous plasma, ω p = ω p1 = ω p2 and υ = υ 1 = υ 2 are constant, that is to say, the attenuation only varies with ω, so from Eq. (7), we have 
Because z > 0, one gets
Inserting Eq. (9) into Eq. (6), we get
And it is known,
so there is
where a = n i ω, b = n 2 i + 1, and ω can be ω 1 or ω 2 . As expressed in Eq. (9) and Eq. (10), the electron density and the electron-neutral collision frequency are both in analytical forms.
Here we give an example of its application. In one experiment, we measured the attenuations of the microwave transmitting through a plasma with thickness D=2.5 cm. The plasma was produced in a discharge tube at a pressure of 3 Torr under specific discharge conditions. The measured attenuations of the microwave at 3.995 GHz and 4 GHz were 10.904 dB and 10.675 dB, respectively. Then, N e = 2.6781 × 10 17 m −3
and ν = 1.0671 × 10 9 Hz can be directly obtained by the above approach, which are almost equal to those obtained from the measurement by a Langmuir double probe and from the theoretical calculation. Here, ω ν = 2πf ν > 10 > 2π.
Conclusion
In this paper, we derive a new form for the transmission attenuation of microwaves at single frequency, and under reasonable hypothesis, analytical forms of the electron density and the electron-neutral collision frequency are derived from the equations describing the transmission attenuation of microwaves at double frequencies. Based on these results, by measuring the transmission attenuation of microwaves in plasma, the electron density and the electron-neutral collision frequency can be obtained easily and correctly. This diagnostic method is especially suitable for steady-state (or the status of plasma does not vary too fast) and homogeneous collisional plasmas. And it should meet two conditions, first, the microwave can penetrate the plasma and the transmission attenuation can be measured by appropriate apparatus; second, the frequency of the incident wave and the collision frequency should meet the condition of ω/ν > 10.
